From the first forged turbine blades made of iron base alloys to the present nickel base single-grain turbine blades and vanes manufactured by directional solidification, an enormous amount of research has been directed to attaining the hottest possible combustion chamber temperatures in jet engines.
INTRODUCTION
In order to improve the efficiency of jet engines, an enormous amount of research has been directed to increasing the temperature of the gas coming from the combustion chamber and entering the turbine (the turbine inlet temperature). As illustrated in Figure 1 , this temperature has increased by about 15 K each year for the last two decades, leading to an improvement of thrust for military engines or a reduction of fuel consumption in the case of civil engines. Thus the main requirements for materials used in gas turbines are determined by the temperature capabilities of the rotating blades, their creep resistance at high temperature, good resistance to thermal fatigue and to oxidation/corrosion. According to McLean (1983) , a practical rule states that one third of the total damage undergone by the material is due to fatigue and two thirds to creep.
The main process changes and alloy developments that led to the improvement in turbine capabilities are schematized in Figure 1 . Between the forties and the sixties, wrought alloys changed from Fe-base to Ni-base (Sims, 1978) .
A further improvement of the materials was achieved by considering the actual (Zanghi, 1988) . In this technique the mold is prepared from a .preform made of wax on which successive layers of ceramics are deposited. After drying the mold is dewaxed and then heat treated.
The thermal and mechanical characteristics of the mold shell must be compatible with the casting process. First of all the ceramics have to retain sufficient high temperature mechanical properties as the mold is subjected to creep due to the weight of the metal. Secondly the inner ceramic layers must be chemically resistant to the liquid metal for a sufficiently long time in order to avoid compositional changes of the metal and deleterious additions of exogeneous particles. These problems became evident as the casting time was increased when the D.S. process was introduced. Finally the thermal conductivity and the heat capacity of the mold must be carefully chosen as it is necessary for the D.S. process to ensure that the liquidus isotherm is planar. Alumina based ceramics are generally used because they present both satisfactory mechanical characteristics and good thermal conductivity.
As pointed out in the introduction, one of the major increases in turbine inlet temperature was due to the development of air cooled blades and vanes. The corresponding shapes are achieved by means of ceramic cores inserted in the wax (After Herteman, 1985) pattern and that remain in place in the mold during the solidification process. These cores, which can be silica or alumina based, are later removed from the parts by dissolving them in acid. The possibilities of this technique were so great that a progressive new design of the blades was achieved, from the simple hollow to the very complex air circulating circuits illustrated in Figure 2 . In future turbine blades, air cooling will be ensured through forced convection and turbulent flow inside the blades and through a cooling film on the exposed outer surface of the blades.
In the case of the directional solidification process it is particularly important to avoid the possible nucleation of new grains on the mold surface, essentially due to undercooling of the liquid metal ahead of the solidification front. One way to avoid this undesirable phenomenon is to increase the temperature gradient at the solidification front; this idea led to the development of heated furnaces in place of the simpler liquid cooling process ( Figure 3 ). These furnaces have two chambers, a cold and a hot one. The alloy is melted under vacuum in a pouring cup in the hot chamber and then poured in the mold which was first preheated (1100C) and degassed in the "cold" chamber. The mold stands on a cooled copper chill surface on which solidification starts and is then withdrawn from the furnace. When single grain parts are to be manufactured, there is a grain selector in the lower part of the mold.
Formation of the Directional Solidification Structures
The actual solidification structures of an alloy depend on the processing parameters, primarily the temperature gradient G at the solidification front and the solidification rate V, which is roughly equal to the withdrawal rate. For a given thermal gradient the increase in the withdrawal rate from very low to very high values makes the solidification front change from planar to cellular, (Sellamuthu, Brody and Giamei, 1986) . This is to be avoided as it is a major defect detrimental to mechanical properties which cannot be eliminated through usual heat treatments.
In general solid-state ,' precipitation begins just after the end of solidification during the casting process. This is a great advantage of the new generation alloys in that they present a temperature "window", that is a temperature interval between the solvus temperature and the incipient melting temperature, in which full solutionizing of the ),' precipitates and chemical homogenization are possible.
The efficiency of the heat treatments is related to the dimensions over which chemical heterogeneities have built up. These dimensions are those of the dendritic structure, the average distance between dendrite axes and the secondary and occasionally the tertiary arms spacings (Flemings, 1974) . A convenient way for estimating the size of a dendritic array like the one shown in Figure 7 , is to measure the density of primary axes np (Lacaze, 1987) , which varies with the solidification parameters G and V according to a relation of the form np A" G-V5.
A depends on alloy composition but also on the solidification conditions (Kurz and Fisher, 1983) , and this can account for the large discrepancies concerning the experimental values of the exponents of G and V reported in the literature. One of the reasons for the variations of A is tip undercooling at the solidification front that causes the actual solidification interval to vary. This tip undercooling is due to solute redistribution around the dendrite tips when growing. It varies essentially with V but can also depend on the temperature gradient when the gradient is large. The undercooling exists in a zone in the liquid, ahead of the solidification front, which has a liquidus temperature lower than the nominal liquidus temperature of the alloy. In this zone, nucleation of new crystals is theoretically possible and their effective growth will depend on the undercooling of the front and on the temperature gradient in the liquid. This explains the transition from columnar to equiaxed growth illustrated in Figure 5 . There exists a maximum withdrawal rate for D.S. manufacturing as the risk for nucleation of new grains above the solidification front increases with the tip undercooling. As pointed out above the progress of solidification behind the front is associated with the formation of dendrite arms initiated as perturbations of the dendrite tips. It has been shown (Flemings, 1974) Another very important defect encountered in cast materials consists of cavities, either porosity or microcracks. Both of them are thought to appear at the end of solidification, the first due to a lack of liquid feeding to compensate for solidification shrinkage and the second due to stress and strain build-up as the solid part of the casting is becoming stronger. A sufficient liquid metal feeding in the last zones to solidify will lead to safe products, avoiding formation of pores and eventually healing hot tears. However capillary feeding becomes more and more difficult as solidification proceeds to its end because of the dynamic pressure drop; if the local pressure in the liquid falls below a critical value (which practically depends on the gas content of the metal) then porosity is likely to appear. The formation of pores actually depends on nucleation phenomena and on the size of the interdendritic zone; porosity will have more difficulty appearing in fine dendritic structures. However one can predict that decreasing the size of the solidification structure leads to an increase of the dynamic pressure drop, so that there must exist an optimum value of the casting conditions in order to get a minimum risk of porosity formation or to have fine evenly distributed porosities (Bachelet and Lesoult, 1978) . Hafnium has been added to some D.S. superalloys to increase their castability through the increase of off-equilibrium eutectic, allowing for a decrease of the porosity tendancy and crack formation. In Fredholm (1987) showed that, in these alloys, the volume fraction of precipitates is roughly constant between room temperature and 1050C. Figure 8 shows a typical ),-),' microstructure of alloy CM SX2 resulting from a heat treatment which will be discussed later. Both and ),' phases have the same f.c.c, crystallographic structure except that the ),' phase is ordered ("L12" structure) whereas the , phase is a disordered solid solution. This fact, together with a difference in the distribution of the alloying elements between the two phases, results in slight difference in their lattice parameters which is often expressed by the misfit (or mismatch) parameter, given as: di 2(a ' a )!(a ' + a ) (2) where a v and a v, are the lattice parameters of the , and ),' phases respectively.
For current industrial alloys, di roughly ranges between 0.5% and -0.5%, depending on the temperature and on the mean chemical composition. It is generally found to be negative at service temperatures, as the thermal expansion coefficient of ),' is lower than that of Resulting from the specificity of the ),-),' mixture, four different mechanisms are thought to contribute to the high temperature precipitation hardening of these alloys:
as the y' phase is ordered the dislocations have to dissociate in order to enter the precipitates, which results in a high shear energy, -the ),' phase presents an unusual mechanical behaviour since its flow stress is known to increase with increasing temperature reaching a maximum around 700C (Sims, 1972) , -the lattice discrepancy between the two phases results in strong elastic stresses at the ,-),' interface, -the high amount of coherent strengthening phase also results in a strong elastic interaction between precipitates; these last two phenomena both increase the difficulty of bypassing of the precipitates by dislocations gliding along the ),-),' interface. All these mechanisms plus solid-solution strengthening improve the mechanical properties of the single crystal alloys. However their respective contributions are not exactly quantified, even if the strengthening effect of the y-),' interface appears to be preponderant.
Solid State Heat Treatments For a given chemical composition, i.e. a given amount of strengthening phase, the mechanical properties of a single crystal nickel base alloy can still be enhanced by optimizing the morphology of the ),-),' mixture by means of appropriate heat treatments. In the case of alloy CM SX2, Caron and Khan (1983) showed that the following sequence of heat treatments (known as "ONERA treatment") leads to the best high temperature creep behaviour: i) 3 hours at 1315C, then air cooled:
This temperature is in the solutionizing window, hence this step is used to dissolve the ),-),' eutectics and to smooth the chemical segregations resulting from the casting process. Figure 9 illustrates the effect of this treatment as can be seen by optical microscopy on chemically etched structures. iii) 48 hours at 850C, air cooled:
The actual effects of this final "stabilization" step are not fully understood, although it was shown to be useful. It is thought to allow some retained alloying elements to migrate from the matrix into precipitates and also perhaps to modify the local chemical composition at the y-y' interface.
The microstructure resulting from such a heat treatment is shown in Figure 8 
Anisotropy of Mechanical Properties
As expected from a single crystal, the mechanical behaviour of the nickel base superalloys is strongly anisotropic. This is illustrated in Fig. 10 interfaces to retard dislocation motion. This is assumed to account for the low secondary creep rate presented by these alloys at high temperature (see Figure  11 ). 
